Abstract: Iron is an indicator for soil fertility and the usability of an area for cultivating crops. Remote sensing is the only suitable tool for surveying large areas at a high temporal and spatial interval, yet a relative high spectral resolution is needed for mapping iron contents with reflectance data. Sentinel-2 has several bands that cover the 0.9 µm iron absorption feature, while space-borne sensors traditionally used for geologic remote sensing, like ASTER and Landsat, had only one band in this feature. In this paper, we introduce a curve-fitting technique for Sentinel-2 that approximates the iron absorption feature at a hyperspectral resolution. We test our technique on library spectra of different iron bearing minerals and we apply it to a Sentinel-2 image synthesized from an airborne hyperspectral dataset. Our method finds the wavelength position of maximum absorption and absolute absorption depth for minerals Beryl, Bronzite, Goethite, Jarosite and Hematite. Sentinel-2 offers information on the 0.9 µm absorption feature that until now was reserved for hyperspectral instruments. Being a satellite mission, this information comes at a lower spatial resolution than airborne hyperspectral data, but with a large spatial coverage and frequent revisit time.
Introduction
The European Commission (EC) and European Space Agency (ESA) have established the European Earth Observation programme Copernicus, previously known as the Global Monitoring for Environment and Security (GMES), to address issues related to monitoring of the environment. The space component consists of satellite missions labelled Sentinel 1 up to 5 [1] . These missions are to provide routine observations for operational Copernicus services and data continuity for current operational satellite systems [2] . Sentinel-2 carries a super-spectral sensor with 13 bands in the Visible and Near InfraRed (VNIR) and ShortWave InfraRed (SWIR) wavelength region. The spatial resolution of these bands differs between 10 m, 20 m or 60 m ( Table 1 ). The platform orbits the Earth in a sun-synchronous 786 km high orbit that allows a coverage between −56 and +84 degrees latitude with a 290 km swath width. The revisit time at the equator is 10 days for a single satellite, which will drop to 5 days when both planned satellites will fly simultaneously [2] . Table 1 . Spectral position (λ, in nm) and bandwidth (∆λ, in nm), spatial resolution (R, in m), heritage and purpose of Sentinel-2 bands, according to the Copernicus derived user requirements. Modified after [2, 3] and used with permission from [4] . The potential of Sentinel-2 has been explored for a variety of land surface parameter estimations: Leaf Area Index (LAI) [5] [6] [7] ; chlorophyll and nitrogen [8] ; biophysical parameters [9, 10] ; and red edge position [8, 11] . A study on Normalized Difference Vegetation Index (NDVI) time series continuity was done for operational sensors, which included National Oceanic and Atmospheric [12] . Outside the realm of physical variables were evaluations for water quality studies [13] and mapping of coral reefs [14] .
The potential for geological applications was evaluated by van der Meer et al. [4] . The Copernicus derived user requirements [3] predominantly aim at environmental monitoring and do not specify geological remote sensing other than clay minerals, as shown by the Sentinel-2 band purposes in Table 1 .
Geologists increasingly study phenomena that are dynamic in space and time (e.g., active geothermal systems, oil and gas seeps, coastal environments), and they require time series of inter-calibrated and cross-calibrated data products rather than only archived data [4, 15, 16] . Geologic remote sensing is based on spectral analysis of minerals and rocks, initially conducted by Hunt and Salisbury [17] [18] [19] . Goetz and Rowan [20] used Landsat Multispectral Scanner (MSS) to derive iron oxide maps for the first time. Landsat Thematic Mapper (TM) allowed the use of band ratios for separating argillic from non-argillic materials (using bands 5/7) and for mapping ferric and ferrous oxides (using bands 3/1). The Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) [16, 21, 22] has become the "work horse" for satellite mapping of surface mineralogy since its launch in 1999.
The six SWIR bands of ASTER in particular allow mapping of surface mineralogy due to their relatively narrow spectral resolution [23] , and has lead to a series of band ratios that serve as proxies for mineral assemblages or individual mineral groups [24] . The recently launched Worldview-3 sensor has 8 SWIR bands, of which four were taken from the ASTER design [25] . Sentinel-2 lacks such narrow bands in the SWIR bands (Figure 1 ), and van der Meer et al. [4] then also concluded that proxies obtained with Sentinel-2 were the same as what could be obtained with Landsat, albeit on a slightly higher spatial resolution. Iron is fourth most common mineral found in the earth crust [26] . Although it may not be as important for soil fertility as e.g., phosphorus, nitrogen and organic matter, its absence would be detrimental to plant growth. Iron is thus an indicator for soil fertility and the usability of an area for cultivation of crops [27] . A relative high spectral resolution is needed for mapping iron contents with reflectance data [26] , and remote sensing is the only suitable tool for surveying large areas at a high temporal and spatial interval.
Landsat TM has been used for a quantitatively determining iron contents [28] , but the low spectral resolution made different absorption features are not separable. Mielke et al. [29] evaluated several current and next-generation satellite sensors for mapping iron feature depth. They were able to use multiple bands of Sentinel-2 in a complex band-ratio approach and found next-generation sensors such as Sentinel-2 to be better equipped for measuring iron feature depth than the current multi-spectral sensors. The obtained product was the relative depth of the iron feature, indicating a bulk presence of iron, which essentially could also be provided by the ASTER band ratios of Cudahy and Hewson [24] .
The aim of our paper is to try and go beyond mapping with band ratios, and to apply image processing methods that potentially could be repeatable and quantifiable. We intend to use Sentinel-2 VNIR bands to reconstruct the absorption feature at a hyperspectral resolution for mapping of iron bearing minerals with parameters that describe the shape of the 0.9 µm absorption feature: the wavelength position of maximum absorption together with the feature depth.
We first introduce our method to reconstruct the shape of the iron absorption feature from Sentinel-2 bands. We test the method on several library spectra of different iron bearing minerals and subsequently apply it, in the absence of real data, to a synthetic Sentinel-2 image. This synthetic image was resampled from an airborne hyperspectral dataset to study the effect of spectral and spatial degradation in relation to the hyperspectral dataset, and to conclude whether our novel use of upcoming Sentinel-2 data is feasible or not.
Method and Study Area
Charting mineral spectral absorption by determining absorption feature parameters such as wavelength position, depth and width assumes nearly continuous (contiguous) spectral data [30] . Imaging spectrometers acquire data in many but discrete spectral bands, and multi-spectral sensors have even wider gaps in wavelength coverage. To model the shape of an absorption feature from spectrally lower resolution bands, interpolation techniques are often used, e.g., [30] [31] [32] . In our approach, we fit a polynomial function through the reflectance-at-surface values of Sentinel-2 bands.
The Parabola Fitting Technique
The width of Sentinel-2 band 8 is 115 nm at half maximum (Table 1; Figure 2 ), which proved to be too wide for usage in fitting a curve through the iron absorption feature. Bands 6, 7, 8a and 9 are relatively narrow compared to the iron absorption feature and should thus in principle be usable. Band 9 (945 nm) has a pixel size of 60 m and is purposely positioned in an atmospheric absorption feature for aid in atmospheric correction. Nevertheless, it can be used for curve fitting, provided that the dataset is corrected with an atmospheric model prior to application. A consequence, however, is that the spatial resolution of the resulting maps is also at 60 m.
As only a few bands are available in Sentinel-2 for fitting polynomials, we decided to use a curve that requires only 3 values to determine the fit of a curve: a 2nd degree polynomial, or parabola. We applied a parabola fitting technique for all wavelength positions x between 0.75 µm and 0.90 µm at a 1 nm wavelength interval, to approximate the absorption feature at a hyperspectral resolution:
where w x the interpolated reflectance value at position x; x wavelength position in nm; a,b,c coefficients of the parabola function.
Optimizing With a Spectral Library
The first dataset tested with the parabola fitting technique was a spectral library. The dataset was made by resampling spectra of the United States Geological Survey (USGS) mineral spectral library [33] , which covers a contiguous 0.2-3.0 µm wavelength range. Resampling was done in IDL-ENVI software (http://www.exelisvis.com) using spectral response functions of Sentinel-2 that were kindly provided by the European Space Agency. [19] . To continue citing Hunt [19] , the spectra of these "6 minerals with ferrous ions" display a shift of the "wavelength of maximum absorption" from shorter to longer wavelengths due to "ferrous ions in different crystal fields or in different sites".
Additional testing was done on iron mineralogy spectra that are associated with monitoring of mine tailings. The minerals Bronzite, Diopside, Goethite, Hematite and Jarosite were chosen, inspired by Mielke et al. [29] who tested band ratios with synthetic Sentinel-2 data, amongst other sensors. In addition, a Grass vegetation spectrum was used to show the behaviour of our technique on vegetation.
These datasets were used to find the optimal settings of the model by evaluating the fit of the parabolas to the original spectra, and to determine the wavelength range in which the model is valid. It was derived by trial and error that the selection of bands that covered the widest wavelength interval (bands 6, 8a and 9) provided an optimal fit of the parabola to the original library spectra. Making use of band 9 at 945 nm center wavelength was found to be essential in order to fit parabolas. As band 9 has a spatial resolution of 60 × 60 m, the processing results would consequently have a 60 m spatial resolution as well.
Application to Synthetic Sentinel-2 Imagery
After determining with the spectral library which bands to use to construct the parabolas, we applied the parabola fitting technique to image data. The image dataset was created by spectrally and spatially resampling a Hymap airborne hyperspectral image to the band definitions of Sentinel-2 ( Figure 3 ). This synthetic image was also used in van der Meer et al. [4] , and their paper includes an analysis of the spectral and spatial resampling used.
The Hymap data were acquired on 18 May 2004 by the German Aerospace Center (DLR), and processed to reflectance-at-surface values at a nominal 5 m spatial sampling interval. The processing included geometric correction with PARGE software [34] using a 5 m interval digital elevation model, followed by an atmospheric correction with ATCOR 4 software [35] .
The Hymap data were first spectrally convolved to the lower resolutions of the Sentinel-2 bands. The spectral coverage of Hymap is nearly continuous in the VNIR and SWIR wavelength regions, with gaps in the 1.4 µm and 1.9 µm water absorption bands. The wavelength range, nominal band width and sampling interval of the 4 detectors are: After spectral resampling, the data were spatially resampled from the approximately 5 m resolution of the Hymap data to the 10 m, 20 m and 60 m spatial resolutions of Sentinel-2. In the absence of a point spread function that describes the response of the Sentinel-2 sensor to the sampled area, we used pixel aggregation (neighbourhood averaging), following Kruse and Perry [25] in their simulation of Worldview-3 data.
Hymap @ 5 m. resolution
Sentinel-2 @ 60 m. resolution Both datasets are shown in a near-infrared false color composite, with Hymap bands R: 29 (861 nm), G: 15 (650 nm) and B: 8 (543 nm). These figures depict vegetated areas in bright red tones and bare reddish soil and rock outcrops in dark green tones. Soils covered by sparse vegetation have a green-brownish tone in this color composite. Band 9 of Sentinel-2 is essential for fitting of parabolas through the spectra, and its 60 × 60 m pixel consequently became the spatial resolution for all Sentinel-2 products derived in this study. The location of the area covered by this scene is shown in Figure 4 .
We compared the results obtained with the parabola fitting technique on the synthetic Sentinel-2 image to those obtained with the Hymap dataset. As the aim was to study the effect of spectral and spatial degradation separately, four datasets were created and analysed: 
Mapping Absorption Feature Parameters
The four image datasets were first masked for vegetation, as a vegetation cover would partially or completely mask any underlying soil and disturb the shape of the iron absorption feature [36] . The NDVI was calculated for each of the four images separately, and pixels with values outside the range 0.0-0.3 DN were masked and removed from the datasets (The NDVI images and resulting masks can be found in the supplemental materials).
The masked images were exposed to the parabola fitting technique, using bands 6, 8a and 9 for the Sentinel-2 resolution spectra and bands 15, 28 and 35 for the Hymap resolution spectra. Pixels with negative parabolas or with positive parabolas that had the point of maximum absorption outside the 0.7-1.0 µm wavelength range were masked. In the remaining pixels, the wavelength of maximum absorption was determined, as well as the depth of the feature relative to the convex hull, following [31] . Within the 0.7-1.0 µm wavelength range, the interpolated wavelength position of the minimum w min of the resulting parabola was calculated:
coefficients of the parabola function.
as well as the depth d min of that absorption feature:
where d min the interpolated depth of absorption feature.
The obtained absorption feature parameters, wavelength of maximum absorption and feature depth, were compared with scatter-plots between the 4 image datasets.
Study Area
We use a Hymap airborne hyperspectral dataset for simulation of Sentinel-2 image data. The Hymap data was acquired over an hydrothermal alteration area located in the Sierra del Cabo de Gata [37] in the south-eastern part of Spain (Figure 4 ). The Cabo de Gata volcanic field consists of calc-alkaline volcanic rocks (andesites and rhyolites) of late Tertiary age. These rocks have been extensively altered to form an assemblage of high to low temperature grade metamorphic minerals, such as Silica, Alunite, Kaolinite, Montmorillonite and Chlorite. The geology of the area is described in Arribas et al. [38] , while several remote sensing studies were conducted at this site as well [4, [39] [40] [41] [42] .
A spatial subset of 600 × 600 Hymap pixels was used as the experimental dataset for this study. This subset covers an area of approximately 6 km 2 , and its location is indicated in Figure 4 by the box labelled "Area 1". In the final stage of this study, a larger subset of 1750 × 1750 Hymap pixels was used to mimic a regional scale mapping. This subset is part of a mosaic of 4 Hymap flight-lines and covers an approximate area of 50 km 2 , and its location is indicated in Figure 4 by the box labelled "Area 2". Figure 4 . Location of the study area in South-east Spain, near the town of Rodalquilar within the Sierra del Cabo de Gata. The image coverage of our study is labelled "Area 1" for Figure 3 and the first two figures of Section 3.2, and "Area 2" for the last figure of Section 3.2.
Results

Validating Against Library Spectra
We first fitted parabolas to library spectra that were resampled to the spectral band definitions of Sentinel-2. We chose six mineral spectra after [19] , that display a shift of the absorption feature due to "ferrous ions in different crystal fields or in different sites". Figure 5 shows the results of fitting parabolas through bands 6, 8a and 9 (Other band combinations and polynomials were also tested, but these test revealed only lesser fits to the original library spectra. These results are available in the supplemental materials of this paper). From the figure can be seen that parabolas could be constructed for all 6 minerals of the Hunt & Salisbury collection (left column), but that only the minerals Beryl and Bronzite have (1) a positive parabola with (2) a wavelength position of maximum absorption within the 0.7-1.0 µm range. Olivine also has a positive parabola, but the maximum absorption comes at a wavelength longer than 1.0 µm. The minerals Pigeonite, Spessartine and Staurolite have a negative parabola, indicating that the fit could not be representative of an absorption feature. For the spectra of vegetation and the 5 minerals associated with acid mine drainage (right column), positive parabolas with a wavelength position of maximum absorption within the 0.7-1.0 µm range could be constructed for Bronzite, Goethite, Hematite and Jarosite. The mineral Diopside has a negative parabola, as has the Grass vegetation spectrum.
Application to Imagery
The comparison between the four image datasets, consisting of Hymap at 5 m and 60 m spatial resolution and Sentinel-2 at 5 m and 60 m spatial resolution, is in Figures 6 and 7 . These figures show the degradation of the spectral resolution (horizontally, in images labelled c, f and i) and the degradation of the spatial resolution (vertically, in images labelled g, h and i) in scatter-plots, while the 4 images top-left (labelled a, b, d and e) illustrate resulting differences in spatial patterns. Figure 5 . Left: Spectra of six minerals which contains ferrous ions, either in different crystal fields or in different sites, after Hunt [19] . Right: Spectra of iron mineralogy associated with mine tailings, selected following Mielke et al. [29] , and a "Grass" vegetation spectrum. The figures show the USGS library spectra (light grey shaded areas), the sentinel bands (dark grey dots), the fitted parabola (black lines) and deduced wavelength of maximum absorption (black dots). Figure 6 shows the results for wavelength position of maximum absorption. The scatter-plots c and f on the right-hand side the figure show a gain in the wavelength values when only spectral degradation is done. The scatter-plots g and h at the bottom of Figure 6 show the impact of degrading a 5 m spatial resolution to 60 m. The bottom-right scatter-plot i contains the effect of both spectral and spatial degradation, and shows that the effect of lower spatial resolution is stronger than a spectral resolution change only. Still, the spatial patterns observed in all four images seem to remain consistent based on visual interpretation. Figure 7 shows the results for depth of the absorption feature. The trends in this image are similar to those observed in Figure 6 , although the loss of information by spatial degradation is less pronounced in feature depth than in wavelength position. Figure 4 . The scatterplots in Figure 6c ,f-i show the differences between the images with a colorramp low high: Scatterplots c and f show the impact of spectral degradation only; scatterplots g and h show the impact of degrading the 5 m spatial resolution to 60 m; and scatter-plot i shows the combined effect of spectral and spatial degradation. 4. Discussion Figure 5 shows that positive parabolas can be constructed for the minerals Beryl, Bronzite, Goethite, Hematite and Jarosite, which all have a wavelength position of maximum absorption within the 0.7-0.9 µm wavelength range. For the other minerals, either the fitted parabola is positive but the wavelength position of maximum absorption is beyond 0.9 µm wavelength, or the fitted parabola is negative and therefore lacking a minimum value.
Comparisons of the absorption feature parameters between synthetic Sentinel-2 data and Hymap data, in Figures 6 and 7 , show that spectral degradation is not affecting the absorption feature parameters as much as spatial degradation does. In fact, these two figures prove that our technique is capable of producing similar results as hyperspectral data, when only spectral degradation would be the difference. The pronounced effect of spatial degradation, however, leads to conclude that the information obtained from a 60 m pixel is simply different than what can be obtained from a high spatial resolution dataset. At such a relatively low resolution for land applications, vegetation is more likely to be present in the sensor's instantaneous-field-of-view, and spatial linear mixing is likely to decrease the contrast between different mineralogy. While green vegetation dominates a pixel, this pixel can be masked using NDVI. Spectral unmixing of dry vegetation from a pixel would require the use of e.g., a cellulose absorption index (CAI) [43] , which can only be derived from (relatively narrow) hyperspectral SWIR bands. Sentinel-2 band 12 (2190 nm) however is aimed, amongst other purposes, at distinction between live and dead biomass (Table 1) , and could possibly be used to improve the applicability of our method.
A spectral approximation of absorption feature information can be done as long as the lower resolution bands are placed at wavelength positions appropriate for the absorption feature studied. In the case of Sentinel-2 and the iron absorption feature, this holds for the minerals Beryl, Bronzite, Goethite, Hematite and Jarosite. Our technique could possibly be improved by involving the red and green wavelength range to fit other functions, as to avoid the use of band 9 with its 60 m spatial resolution in future research. For the minerals Goethite and Hematite the fit seems not as good as for the other minerals; this could possibly be improved by introducing separate band sets per target mineral for defining parabolas. Still, the results presented in this paper already indicate that our curve fitting technique can approximate the absorption features of several minerals that are important in monitoring of soils or mine waste.
The study presented in this paper is based on simulated imagery, and our synthetic image has some differences with the future actual data. First, the field-of-view of the Sentinel-2 bands can be expected to differ from what we obtained with a spatial degradation by pixel aggregation. The actual point spread function of the Sentinel-2 sensor will sample a slightly larger field-of-view than what we used by the exact given pixel size in following [25] . Secondly, the lossy compression of data used on-board Sentinel-2 was not taken into account. However, any possible impact on data quality is likely to be at noise level when studying natural scenes, and we expect that there will not be a major impact on the results of our study. A last difference that may arise is that the atmospheric correction in our synthetic dataset was based on the information of many bands provided by the Hymap sensor. An atmospheric correction of Sentinel-2 relies on the information of only a few bands, which include band 9 that is used in our mapping technique. An assessment as to whether our technique could actually provide operational products over larger areas would require testing on real Sentinel-2 imagery in combination with a verification against ground cover data.
ESA's Sentinel-2 mission will eventually cover the Earth on a 10-60 m spatial resolution at a 5 days revisit time. The Sentinel-2 VNIR bands were originally designed to map vegetation parameters (Table 1 ). Figure 8 shows that its design also allows mapping of iron feature parameters, here obtained over a 50 km 2 area in South-east Spain. Sentinel-2 thus offers information on soil composition that until now was reserved for hyperspectral instruments. The imagery has a lower spatial resolution than airborne hyperspectral sensors, but will therefore have a large spatial coverage and a frequent revisit time for a fraction of the costs for end-users.
Conclusions
In this paper, we introduced a technique to model the shape of the iron absorption feature with Sentinel-2. The super-spectral Sentinel-2 sensor has multiple bands in the 0.7-0.9 µm wavelength region, where space-borne missions traditionally used for geologic remote sensing, such as ASTER and Landsat, only provided a single band. By using selected VNIR bands as input for a parabola curve-fitting approach, the spectral absorption feature at 0.9 µm can be approximated for specific minerals. This includes several minerals that are important in monitoring of soils and mine waste, such as Bronzite, Goethite, Jarosite and Hematite. While previously only the relative iron feature depth could be mapped with multi-spectral sensors, by using band ratio techniques, our technique offers the possibility to map the wavelength position of maximum absorption and to derive an absolute depth of the feature. Sentinel-2 thus offers information on the 0.9 µm absorption feature that until now was reserved for hyperspectral instruments. Being a satellite mission, this information comes at a lower spatial resolution than that of an airborne hyperspectral sensor, but it comes with a large spatial coverage and high revisit time.
A high revisit time will lead to a more frequent coverage of an area. This leads to alternative solutions in addressing the problem of spectral unmixing of soil and vegetation. For starters, there is a better chance of being able to use images acquired in winter. Of a more philosophical thought is that the spatial mixing that occurs in a relatively large pixel can be analysed within a time-series rather than by linear spatial unmixing. Soil moisture content, for example, changes on a daily base, and vegetation cover changes within seasons. Both changes occur at a much shorter time span than one would expect from changes in soil composition, particularly mineralogy. This opens a new realm of remote sensing image analysis for soil composition, namely sub-pixel image analysis by studying the change in time rather than in space. Combined with mapping iron contents, not only feature depth but also the wavelength position, Sentinel-2 will bring us information on iron oxides that previous multi-spectral missions could not.
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